A humic acid extracted from a chernozem soil was fractionated combining size exclusion chromatography and polyacrylamide electrophoresis (SEC-PAGE). Three fractions named A, B, and CþD, with different electrophoretic mobilities and molecular sizes (MS), were obtained and subsequently characterized by thermochemolysis and surface-enhanced Raman spectroscopy (SERS). The data confirmed that fraction A, with the higher MS, was more aliphatic than fractions B and CþD and, in turn, fractions with lower MS (B and CþD) denoted an enrichment in lignin residues. These structural features explain conformational changes when varying the pH in the humic fraction A and indicated that combination of the two techniques is a good approach for characterizing humic substances.
INTRODUCTION
Natural soil and water humic substances (HS) are the most representative part of stable organic carbon in the biosphere, comprising approximately 60-70% of the total organic carbon in soils and 60-90% of dissolved organic carbon in natural waters.
Humic acids (HA) are a subclass of HS. They are the most abundant in the upper 30-60 cm of the Earth ' s crust, where they play one of the main roles in regulation of the mobility and fate of plant nutrients and environmental contaminants. Their molecular weights (MW) range from a few hundred to several hundred thousand Daltons and their highly heterogeneous structures and functionalities are the major hindrance for the elucidation of molecular structures of HA. Fractionation and characterization of less complex fractions are the key for a better understanding of their functional role in the environment. Size exclusion chromatography (SEC) and electrophoresis are often used to fractionate HS due to their rapidity, sensitivity, reproducibility, and availability. [1] [2] [3] [4] [5] Recently, Trubetskoj et al. 6 developed an effective method for the fractionation of soil HA based on the combination of SEC with polyacrylamide gel electrophoresis (PAGE), named SEC-PAGE. Optimal chromatographic and electrophoretic conditions were established to obtain preparative quantities of soil HA fractions, named A, B, and CþD, with different electrophoretic mobilities (EM) and molecular sizes (MS). The addition of denaturing agents such as urea at a concentration of 7 M breaks up associations between humic aggregates for both SEC and PAGE. This procedure also eliminates adsorptive hydrogen bonding interactions with the fractionating media. Therefore, the fractionation procedure separates disaggregated primary humic structures. In our preliminary investigation, SEC-PAGE allowed the fractionation of several soil HAs of different genesis and we obtained HA fractions with clear differences in terms of ultraviolet (UV)-visible spectra, fluorescence properties, photochemical activity, and amino acid content. 7, 8 Spectroscopic and structural analyses of HS have experienced a great deal of growth over recent years due to the development of high field magnets and an array of multidimensional techniques. The use of heteronuclear and multidimensional nuclear magnetic resonance (NMR) spectroscopy for mapping the chemical structures and organization of HS provided considerable progress on these complex environmental samples. 9 Evidence of the primary molecular structure in HS was obtained by Simpson et al., 10 who stated that the major molecular structural components were aliphatic acids, ethers, esters, and alcohols; aromatic lignin derived fragments; and polysaccharides and polypeptides. The same structural components were evidenced using thermochemolysis, also known as thermally assisted hydrolysis and methylation. 11 Surface-enhanced Raman spectroscopy (SERS) is a technique that allows the Raman vibrational study of highly fluorescent macromolecules in aqueous solution. [12] [13] [14] This technique made possible the application, for the first time, of the Raman vibrational technique in the characterization of HS, 15, 16 an impossible task by conventional Raman procedures, due to the high fluorescence of these substances. This technique is based on the enormous enhancement of the Raman signal produced by a molecule placed on a rough metallic surface. Moreover, the short-range enhancement predicted by the electromagnetic model of SERS can be used to investigate the electrodynamical behavior of macromolecules adsorbed on charged metal surfaces due to the predominant enhancement of those modes in direct contact with the metal. 17 In this work we report the analysis of a chernozem HA and its fractions A, B, and CþD obtained by SEC-PAGE using two different and complementary techniques: thermochemolysis and SERS. It is hoped that some structural clues can be obtained from this double analytical approach when applied to less complex fractions resulting from the PAGE-SEC fractionation of the bulk HA sample.
MATERIALS AND METHODS
Soil Sample and Isolation of Humic Acid. The soil sample was taken from the A horizon of a chernozem soil, Kursk region, Russia. Methods for humic acid extraction and purification are reported elsewhere. 18 Fractionation of Humic Acid. Fractionation of soil HA by SEC-PAGE (i.e., using PAGE for subsequent testing of SEC aliquots from different sections of elution profile) has been previously reported. 6 Briefly: 10 mg sample of HA was dissolved in 7 M urea and loaded onto a Sephadex G-75 (Pharmacia, Sweden) column (1.5 3 100 cm), equilibrated with the same solution. The void (V 0 ) and the total (V t ) column volumes were 47 and 160 mL, respectively. The void volume was determined using Dextran Blue 2000. Fractionation ranges for Sephadex G-75 were 80 000 to 3000 for proteins and 50 000 to 1000 for polysaccharides. Flow rate was 15 mL h À1 . The UV detector (ISCO, Lincoln, NE) was at 280 nm. Column effluent was collected as 2 mL aliquots using a collector of fractions (ISCO) and each third aliquot was assayed by PAGE in the presence of denaturating agents according to Trubetskoj et al. 19 The apparatus was a vertical electrophoresis device (LKB 2001 Vertical Electrophoresis, Sweden) with gel slab (20 3 20 cm). Electrophoresis was carried out in 10% PAG at room temperature for 1 h at a current intensity of 25 mA. As the gel buffer, 89 mM trisborate, pH 8.3, with 1 mM EDTA and 7 M urea was used. The sample buffer (0.05 mL) contained 89 mM tris-borate, pH 8.3, 7 M urea, 1% SDS, and 1 mM EDTA. On the basis of PAGE analysis, three fractions, A, B, and CþD, were obtained from HA samples. Fractions were dialyzed for seven days against distilled water (cut-off of the dialysis membrane was 5000), lyophilized, and used for further physico-chemical analyses. Based on ultrafiltration data, 6 the molecular weights 3 3 10 5 -10 5 , 10 5 -3 3 10 4 , and 3 3 10 4 -5 3 10 3 Daltons were found for fractions A, B, and CþD, respectively. For obtaining of preparative quantities of fractions, the fractionation procedure was repeated 10 times.
The weight of each fraction was calculated by direct weighing after chromatography. The weight distribution of fractions was calculated using the ratio W i /RW i , where W i is the weight of the fraction and RW i is the weight of all fractions obtained after SEC fractionation of HA.
Chemical Analysis. C, H, and N analyses were performed in a Perkin Elmer CHN Analyzer, series II 2400. Values reported were on a moisture-and ash-free basis. The accuracy of the measurements indicated in Table I was 95% or better.
Thermochemolysis of Humic Acid and its Fractions. Thermochemolysis, or thermally assisted hydrolysis and methylation, was performed in a Fisons gas chromatograph GC 8000/mass detector MD 800 coupled to a Fischer 0316 Curie-point pyrolyzer, using a 30 m 3 0.25 mm SPB-5 column (film thickness 0.25 lm). The GC oven was kept at 25 8C by a cryogenic unit and programmed to rise to 280 8C, at a rate of 5 8C min À1 . The final temperature was held for 20 min. The sample was deposited in a Curie-point small hollow ferromagnetic cylinder (temperature 500 8C) and wetted with 5 lL of a 25% by weight aqueous solution of TMAH. The cylinder was slightly dried with N 2 and immediately inserted in the pyrolyzer.
The compounds were identified by comparison of the mass spectra with a self-compiled data bank of compounds from a variety of samples. 11, 20, 21 In some cases, identification was achieved by computer analysis from a National Bureau of Standards library of about 54 000 spectra, with the computer matching being checked against standards whenever possible.
Surface-Enhanced Raman Spectroscopy Analysis of Humic Acid and Its Fractions. The adsorption studies of the humic substances were carried out on a silver colloid prepared by chemical reduction of Ag þ with hydroxylamine, following the method described by Leopold and Lendl: 22 4.5 mL of a sodium hydroxide solution (0.1 M) were added to 5 mL of a 6 3 10 À2 M hydroxylamine hydrochloride solution. Then, the mixture was added rapidly to a 1.11 3 10 À3 M of a silver nitrate aqueous solution, shaking it until a homogeneous mixture was obtained. The resulting colloid showed a milky gray color. The stability of the colloid prepared in this way was lower than the citrate one, due to the formation of nitrogen oxides as a consequence of the reduction process of silver nitrate. Because of the reaction of these oxides with water, the pH of the Ag-hydroxylamine colloids tends to slightly decrease with the time. Therefore, aqueous NaOH was added to the final solution in order to bring the pH to 6.5.
In order to become active, Ag-hydroxylamine colloids were aggregated by addition of potassium nitrate. This aggregation consisted of the nanoparticles approaching to form others with a larger size. This process is necessary in the case of using these systems as substrate for SERS, since specific morphological requirements are needed to enhance the electromagnetic field in the metal surface. This activation is a prerequisite for SERS spectra to be observed at a higher intensity, as we have demonstrated in other works. 23, 24 Samples for Raman measurements were prepared by adding 10 lL of an aqueous humic substance solution, prepared by dissolving 1 mg of the corresponding humic fraction in 1 mL of tri-distilled water to 1 mL of the silver colloid. The pH of the mixture was adjusted by adding 0.1 M NaOH to pH 7 or 12.
All solutions were prepared with tri-distilled water. The SERS spectra were recorded with a Renishaw RM2000 Raman spectrometer. As the excitation line we employed the 514.5 nm line provided by an Ar þ laser. The samples were measured in a quartz cell with a 1 cm optical path length placed in a macro-sampling accessory with a focalization lens of 15 mm. The laser power at the sample was 2 mW. The resolution was set at 2 cm À1 and the geometry of micro-Raman measurements was 1808.
Difference spectra between the SERS recorded at alkaline and neutral pH was done by taking as a reference the water broad band at 3420 cm À1 .
RESULTS
Thermochemolysis. In this paper the HA and its fractions A, B, and CþD obtained by SEC-PAGE were studied in the scan range 1000-4000 amu, considered the most informative, because this range provides insights on the original components and their chemical structure. 25 The chromatograms of the thermochemolysates of HA and its fractions A, B, and CþD are displayed in Fig. 1 . The major compounds are listed in Table II . Three classes of compounds constituted the vast majority of the identified products: fatty acids, aromatic compounds, and nitrogen derivatives.
The soil HA samples were characterized by the abundance of a series of n-fatty acids, from C 12 to C 26 (Fig. 1 , Table II ). The most abundant aliphatic compounds were the C 16 and C 18 members (peaks 23 and 26, respectively). The unsaturated C 18 fatty acid (peak 25) and some branched fatty acids (peaks 19, 20) were also evidenced. In addition, the n-fatty acid C 22 -C 26 members (peaks 34, 36, 38, 40, and 42, respectively) were comparatively abundant in the fraction A with respect to fractions B and CþD, in which they rarely reached importance. A less abundant series of compounds, such as the n-alkanes in the range C 22 -C 29 , and aliphatic dicarboxylic acids (not shown in the traces) were minor compounds.
Fatty acid distribution was not homogeneous among HA fractions. In fact, fraction A contained considerably more nfatty acids .C 22 , derived from plant waxes, than fractions B and CþD, where they were found as trace compounds. Although ubiquitous lipids (n-fatty acids , C 22 ) were distributed in all fractions, the largest relative amounts appeared primarily associated with fraction A. Among the aromatic compounds, phenolic and benzenecarboxylic acids were identified. Lignin thermochemolysis products were represented by benzoic acid methyl ester (peak 1), guaiacol (peak 2), methylguaiacol (peak 3), 3,4-dimethoxytoluene (peak 5), vinylguaiacol (peak 6), 3,4-dimethoxystyrene (peak 7), 4-methoxybenzoic acid methyl ester (peak 9), 1,2,3trimethoxybenzene (peak 12), 4-hydroxy-3-methoxybenzoic acid (vanillic acid) methyl ester (peak 14), 3,4-dimethoxybenzoic acid (veratric acid) methyl ester (peak 15), 3-(4methoxyphenyl)-2-propenoic acid methyl ester (peak 16), 3,4,5-trimethoxybenzoic acid methyl ester (peak 18), and 3-(3,4-dimethoxyphenyl)-2-propenoic acid methyl ester (peak 22) . The presence of benzoic acid derivatives indicates a lignin biodegradation process through oxidation of the C 3 -alkyl chain. 26 Benzene(poly)carboxylic acids included 1,2-benzenedicarboxylic acid (peak 13) as a major compound (Table II) , although some other minor compounds (isomers of benzenetriand tetracarboxylic acids) were identified (not shown in the traces). Benzene(poly)carboxylic acids constituted a significant part of the thermochemolysis products in soil fulvic and humic acids. 11, 20 The number of lignin thermochemolysis products encountered indicates that the largest proportion of lignin products was associated with fraction B, denoting a lignin enrichment in this fraction, in agreement with the findings of Saiz-Jimenez et al. 18 Although lignin products were present in all fractions, the smallest proportion was generally associated with fraction A.
Some nitrogen-containing compounds such as dimethyl-and trimethylpyrimidinediones (peaks 4 and 8, respectively), trimethyltriazinetrione (peak 10), and methylisoindoledione (peak 11) were identified (Table II) . However, the origin of these nitrogen derivatives in our samples is doubtful. The increased amount of N-compounds in all the fractions with respect to the unfractionated HA suggests that the origin of these compounds could be attributed to urea residues immobilized during the fractionation procedure and further reaction involving cyclization in the thermal process.
Surface-Enhanced Raman Spectra. Surface-enhanced Raman spectra of the high MS fraction A at neutral and alkaline pH are shown in Fig. 2 . The SERS spectrum at alkaline pH ( Fig. 2a) is much more intense than the spectrum recorded at neutral conditions ( Fig. 2b) and characterized by the presence of two intense and narrow bands appearing at 1308 and 1610 cm À1 . These bands can be assigned to ring stretching motions of aromatic compounds, 27 and they can also be observed in the SERS spectra of hydroxybenzoic acids and in polycyclic aromatic hydrocarbon compounds. Other less intense bands appeared at 1580 and 1360 cm À1 , and can be attributed to ring stretching and symmetric m(COO -) vibrations, respectively, at 1267 cm À1 , corresponding to m(C-O) motion in phenols, and at 1171 cm À1 , assigned to bending vibrations of aromatic C-H groups.
At pH 7 (Fig. 2b ) two very broad bands were centered at about 1590 and 1380 cm À1 . These features can be due to carbon bands caused by the partial thermal degradation of the humic materials. The differences found between the SERS spectra obtained at different pH values can be observed in the difference spectrum (Fig. 2c) , indicating the marked increase of bands at 1610, 1308, and 1248 cm À1 at alkaline pH.
In contrast, the intermediate MS fraction B shows a lower difference in the intensity of the bands appearing at alkaline pH ( Fig. 3a) , and those observed at neutral pH (Fig. 3b ), which could be related to the higher amount of lignin products in this fraction as revealed by electrophoresis and thermochemolysis data. 18, 25 The molecular matrices forming part of this fraction are more open at neutral pH, as deduced from their different composition. The difference spectrum (Fig. 3c) shows positive intense bands at 1517, 1380, and 1174 cm À1 , while the band at 1308 cm À1 is more intense than that at 1610 cm À1 , in agreement with a different composition, in particular, a larger amount of oxygenated groups (carboxylate, phenols, ethers, and aromatic moieties in general with a large number of substituents) are deduced from the difference spectrum. The spectrum is similar to the SERS of humic acids of low molecular weight previously reported. 27 In the low MS CþD fraction (Fig. 4 ) the trend is similar to that observed in the B fraction, i.e., a higher amount of oxygenated groups revealed by the difference band at 1517 cm À1 . An intense band at 1308 cm À1 is also observed, but it has an intensity similar to that at 1610 cm À1 .
Finally, the SERS spectra of the bulk chernozem HA exhibit a large fluorescence background as in the case of the CþD fraction, at both alkaline ( Fig. 5a ) and neutral pH (Fig. 5b) , and stronger bands at 1610 and 1308 cm À1 at alkaline pH, which are more evident in the difference spectrum (Fig. 5c ).
DISCUSSION
Li et al. 28 reported that large variations in chemical and molecular properties among different HA fractions were attributable to very different extractabilities of two chemically and structurally different subunits of HA. One subunit is aromatic and polar in nature and is highly soluble in alkaline solution whereas the other is aliphatic, less polar, and less soluble in alkaline solution.
The remarkable increase of bands at 1610 and 1308 cm À1 in going from neutral to alkaline pH in SERS spectra is attributed to a structural change occurring in the high MS fraction A. To understand this change it is assumed that at neutral pH a coil shrinking of the macromolecule occurs due to a protonation of the carboxylate groups, leading to an increase in the number of intermolecular H-bonds inside the molecule. In addition, hydrophobic interactions established between less hydrophilic residues (aromatic and aliphatic ones), directed towards the inner side of the humic substance, could further destabilize the overall macromolecular structure. At alkaline pH an ionization of carboxylic groups is induced, leading to a massive breakdown of H-bonds and, subsequently, to the uncoiling of the humic acid structure. In fact the aromatic groups responsible for the bands at 1610 and 1308 cm À1 are then more exposed to the macromolecule outer part, as a consequence of the structural change occurring in the humic acid, as deduced from their intensity increase in the SERS spectra.
This hypothesis is supported by H/C atomic ratio and thermochemolysis data (Tables I and II) , which indicate that fraction A is more aliphatic than fractions B and CþD and contains fewer polar (lignin) compounds. It was evident that fraction A contained considerably more fatty acids derived from plant waxes than fractions B and CþD. This higher amount of hydrophobic residues, which contribute to the further stabilization of the tri-dimensional structure of humic acids, could explain the stronger conformational changes seen for the A fraction deduced from the SERS spectra obtained at different pH, in relation to the other fractions. On the other hand, it has been reported previously 29 that at pH .9.5 HA are flexible, linear polyelectrolytes and begin practical coil shrinking at pH ,9.0. On the basis of our data it should be suggested that probably due to the high MS and aliphatic character, fraction A is undergoing conformation changes versus fractions B and CþD, where this effect was not observed. It could suggest that fraction A is mostly responsible for the configuration changes during pH changes in the HA investigated.
The difference band observed in the SERS spectra of B and CþD fractions at around 1517 cm À1 can be attributed to the 19a vibration of benzene groups 30 and is related to the intense band usually appearing at around 1510 cm À1 in the infrared absorption spectra of aromatic compounds bearing a high amount of electron donor groups, such as hydroxyl and alkyl ethers. 31 The Raman spectra of related aromatic compounds such as p-hydroxybenzoic acid 32 and guaiacol 33 also show a medium Raman band seen at 1517 cm À1 . Moreover, intense Raman bands were found in the SERS spectra of caffeic acid, 34 cathecol, 35 gallic acid, 36 and vanillic acid 32 at 1505, 1519, 1515, and 1537 cm À1 , respectively. Some of these molecules were reported to have undergone a chemical change leading to lignin-like polyaromatic products, with a high content in oxygen groups, similar to those forming part of the low molecular weight humic substances. Thus, the intensity increase of the band centered at 1517 cm À1 can be considered a hint to the existence of lignin-like aromatic rings bearing a large amount of oxygenated groups in fractions B and CþD, as also revealed by thermochemolysis. This is corroborated by the fact that low molecular weight humic acid fractions, which are richer in oxygenated groups and contain a higher amount of lignin-like compounds, display a SERS band at 1516 cm À1 . 37 As shown in this paper a correlation between thermochemolysis and SERS data was found, as the structural data explain the observed changes in the SERS spectra. The combination of a thermal destructive technique and a spectroscopic analysis is a good approach for characterizing structural components in HS.
